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1. Introduction
Agricultural production accounts for 50–80% of freshwater 
withdrawals globally (Palese et al., 2009) and water scarcity re-
sulting from increased population growth and global climate 
change has necessitated the practice of recycling wastewater 
for irrigation (Stroosnijder et al., 2012). Agricultural wastewa-
ters may be used as irrigation water and are known reservoirs 
for antimicrobials (Hu et al., 2014; Storteboom et al., 2010) and 
human pathogens (Pell, 1997; Ravva and Korn, 2007). For exam-
ple, agricultural wastewater has been demonstrated to contain 
suflonamides, tetracyclines, and lincosimides at concentrations 
up to 1 mg/L (Campagnolo et al., 2002) and human pathogens 
such as Salmonella at concentrations as high as 3.89 log/mL ( 
Vanotti et al., 2005).
It has been demonstrated that both human pathogens and 
antimicrobials can accumulate in plants. Vegetables commonly 
consumed raw, such as tomatoes (Sabourin et al., 2012), cu-
cumber (Shenker et al., 2011), broccoli (Wu et al., 2012), onion 
(Kumar et al., 2005) and carrots (Boxall et al., 2006; Jones-Lepp 
et al., 2010), have been shown to accumulate antimicrobials. Hu-
man pathogens can internalize in plants through root or leaf up-
take. Salmonella enterica serovars Cubana and Dublin accumu-
late inside hydroponically grown alfalfa and lettuce at the level 
of 4 log CFU/g fresh weight through root uptake (Dong et al., 
2003; Klerks et al., 2007b). Internalization of human pathogens 
can also occur through root uptake when the pathogens are intro-
duced by contaminated soil or irrigation water ( Franz et al., 2007, 
Hintz et al., 2010, Hora et al., 2005, Klerks et al., 2007a and Wach-
tel et al., 2002). Few prior studies have investigated wastewater 
irrigation as a continuous exposure route for the co-uptake of 
antimicrobials and pathogens into food crops. Similarly, prior 
studies of antimicrobial uptake were performed in hydroponic 
systems (Herklotz et al., 2010, Kong et al., 2007, Migliore et al., 
2003 and Wu et al., 2012) or by introducing antimicrobials via 
soil amendment (Boxall et al., 2006, Grote et al., 2007, Kumar 
et al., 2005, Sabourin et al., 2012 and Seo et al., 2010).
The interaction between plants and human pathogens varies 
between cultivars of the same plant species (Critzer and Doyle, 
2010; Teplitski et al., 2012). However, variability in antimicrobial 
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Abstract
The use of wastewater for irrigation may introduce antimicrobials and human pathogens into the food sup-
ply through vegetative uptake. The objective of this study was to investigate the uptake of three antimicrobials 
and Salmonella in two lettuce cultivars. After repeated subirrigation with synthetic wastewater, lettuce leaves and 
soil were collected at three sequential harvests. The internalization frequency of Salmonella in lettuce was low. 
A soil horizon-influenced Salmonella concentration gradient was determined with concentrations in bottom soil 
2 log CFU/g higher than in top soil. Lincomycin and sulfamethoxazole were recovered from lettuce leaves at con-
centrations as high as 822 ng/g and 125 ng/g fresh weight, respectively. Antimicrobial concentrations in lettuce 
decreased from the first to the third harvest suggesting that the plant growth rate may exceed antimicrobial up-
take rates. Accumulation of antimicrobials was significantly different between cultivars demonstrating a subspe-
cies level variation in uptake of antibiotics in lettuce.
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uptake between cultivars of the same plant species is not well-
described. Cultivar specific differences in uptake have been 
documented for organic pollutants such as chlordane in zuc-
chinis and squash (Isleyen et al., 2013), organophosphate and 
DEET in carrots (Eggen et al., 2013); as well as nitrates in cab-
bage (Tang et al., 2013).
The purpose of this research was to describe how the uptake 
of common veterinary antimicrobials and the human pathogen 
Salmonella into lettuce under repeated exposure was affected by 
the plant growth stage and cultivar. Uptake experiments were 
conducted in a greenhouse where two cultivars of lettuce were 
grown in soil irrigated with a synthetic wastewater containing 
both antimicrobials and Salmonella. The presence of antimicrobi-
als and Salmonella was monitored in plant leaves and soil at 24, 
35, and 46 days after seeding and initial irrigation.
2. Materials and methods
2.1. Chemicals
Lincomycin, roxithromycin, doxycycline-hyclate, and deme-
clocycline-hydrochloride were purchased from Sigma–Aldrich 
(St. Louis, MO). Sulfamethoxazole and oxytetracycline were ob-
tained from MP Biomedicals, LLC (Solon, OH). 13C6-Sulfameth-
azine was purchased from Cambridge Isotope Laboratories (An-
dover, MA). Physicochemical properties and structure of the 
antibiotics and internal standards is provided in Table 1. Stock 
standard solutions were prepared with high purity methanol 
(Optima, Fisher, St. Louis, MO) and stored in the dark at −20 °C. 
Surrogate and internal standard spiking solutions were prepared 
in methanol. Instrument calibration standards (100–5000 ng/L) 
were prepared prior to each analysis in a 3:1 (v/v) solution of 
deionized water (NANOpure™filtration system, Barnstead, 
Dubuque, IA, USA) and methanol.
Table 1. Chemical properties of antimicrobial compounds.
    Mass 
  Molecular solubility  
  weight (g/L) pKa1 pKa2 Log Kow                   Structure
Sulfonamides Sulfamethoxazole 253.28 0.38 5.81 ± 0.50 1.39 ± 0.10 0.659 ± 0.409 
 Sulfamethazine 278.33 0.31 7.89 ± 0.10 1.69 ± 0.10 0.296 ± 0.278 
Tetracyclines Oxytetracycline 460.43 0.02 4.50 ± 1.00 10.80 ± 0.70 0.479 ± 0.784 
 Demeclocycline 464.85 0.01 4.50 ± 1.00 11.00 ± 0.70 0.942 ± 0.756 
 Doxycycline 443.43 0.01 4.50 ± 1.00 10.84 ± 0.70 1.777 ± 0.760 
Macrolide/ Lincomycin 406.54 13.00 12.91 ± 0.70 8.78 ± 0.60 0.717 ± 0.841 
    Lincosamide 
 Roxithromycin 837.05 0.59 13.00 ± 0.70 8.16 ± 0.70 2.842 ± 0.869
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2.2. Bacterial strain
A S. enterica serovar Infantis strain (S. Infantis) was obtained 
from Dr. Lisa Durso at the USDA Agroecosystem Management 
Research Unit (Lincoln, NE). This S. Infantis strain was isolated 
from soil amended with cattle manure. S. Infantis has been re-
ported in food borne outbreaks (mainly poultry products) around 
the world (Miller et al., 2010). Furthermore, multidrug-resistant 
S. Infantis has been frequently reported (Dahshan et al., 2010, Di-
onisi et al., 2011, Gal-Mor et al., 2010 and Nogrady et al., 2012). 
The minimum inhibitory concentrations (MICs) of the S. Infantis 
strain were measured using a published protocol (Andrews, 2001) 
and determined to be 8 mg/L for oxytetracycline, >256 mg/L 
for sulfamethoxazole, and >256 mg/L for lincomycin. S. Infan-
tis was cultured in Luria broth (LB) amended with oxytetra-
cycline, sulfamethoxazole, and lincomycin, each at 1 mg/L, at 
37 °C for 17 h. Cells were collected by centrifuge at 6000× g at 
4 °C for 10 min. The cell pellet was re-suspended in phosphate 
buffered saline (PBS) and diluted to the appropriate concentra-
tion in dechlorinated tap water prior to irrigation.
2.3. Irrigation experiments
Certified organic, untreated seeds of leafy lettuce (Lactuca 
sativum) cultivars Green Star and Salad Bowl, commonly used 
in lettuce production, were germinated and grown in pots con-
taining a common pasteurized soil mix (35% Canadian peat, 9% 
Sharpsburg clay soil, 24% sand, and 32% small vermiculite) in 
a Biosafety Level 2 (BSL-2) greenhouse with 16 h of light at 15–
18 °C. Soil analysis was conducted by Midwest Laboratories Inc., 
Omaha, Nebraska, USA. The soil had an organic matter content of 
7.5%, pH 5.3 and cation exchange capacity of 9.4 meq/100 g. The 
soil was classified by soil texture as a sand (90% sand, 5% silt, and 
5% clay). The soil was pasteurized at 82 °C for 45 min prior to use. 
Eight seeds were initially planted in each 17  cm × 12  cm × 6 cm 
pot, and six pots filled one tray. Upon germination, lettuce seed-
lings were thinned to four plants per pot. Lettuce plants were 
subirrigated as needed, with all trays receiving 1 L of a synthetic 
wastewater at each watering event. The synthetic wastewater con-
tained peptone (44.8 mg/L), meat extract (30.8 mg/L), CO(NH2) 
(16.6 mg/L), K2HPO4 (28 mg/L), NaCl (7 mg/L), CaCl2–2H2O 
(4 mg/L), and Mg2SO4–7H2O (2 mg/L), (modified from Kositzi 
et al., 2004) and spiked with the three antimicrobials (oxytetra-
cycline, sulfamethoxazole, and lincomycin, at a concentration of 
1 mg/L each) and either 5 or 7 log CFU/mL of S. Infantis (termed 
“treatment-low” and “treatment-high”). The stock solution of 
antimicrobials was stored at −20 °C freezer and prepared every 
two weeks. The irrigation water was prepared just before each 
irrigation event by adding the appropriate amount of antimi-
crobial stock solution and fresh Salmonella culture (washed by 
PBS, as described above) to the synthetic wastewater. Subirri-
gation was accomplished by carefully pouring synthetic waste-
water into trays and letting water soak up through the series of 
drainage holes on the bottom of each pot. Control lettuce was 
irrigated throughout the growth cycle with synthetic waste-
water containing no antimicrobials or bacteria. Each tray re-
ceived the same volume of water, 1 L, at each irrigation event. 
Each irrigation event was recorded in a greenhouse log. Three 
destructive harvests were conducted at 24, 35, and 46 days af-
ter planting. At each harvest, 10 sample pots of each treatment 
type (control, treatment-low, and treatment-high) for both let-
tuce cultivars were randomly selected, and the plants were har-
vested by cutting just below the cotyledonary node. Plants were 
collected separately and processed immediately for Salmonella 
analysis or preserved within 2 h for antimicrobial detection. For 
each treatment and cultivar combination, 10 replicates were pro-
cessed for microbial analysis and three for chemical analysis. To 
determine the vertical distribution of Salmonella in soil, 5 g bot-
tom soil (within 2 cm from the bottom) and 5 g top soil (within 
2 cm from the surface) of each pot were collected for pathogen 
detection. Five replicates of an additional 5 g sample, represent-
ing the homogenized soil profile, was collected from the remain-
ing soil for antimicrobial analysis.
2.4. Lettuce extraction for antimicrobials
The separated lettuce plants were carefully cut into approx-
imately 2.5 cm by 2.5 cm pieces in a storage bag. A 2 g repre-
sentative sample was taken and placed into a 50 mL polypro-
pylene centrifuge tube for extraction by freeze–thaw lysing and 
equilibration of plant tissue. Ten mL of an 80% isopropyl alco-
hol and 20% 0.04 M citric acid solution was added for solvent 
extraction and bacteria deactivation. Each sample was spiked 
with 1000 ng of surrogate antimicrobial (demeclocycline) and 
immediately stored at −20 °C for a minimum of 24 h. The surro-
gate was used as a quality control to monitor consistency in pro-
cessing and analysis between sampling events. Frozen samples 
were allowed to thaw for a minimum of 1 h and then were cen-
trifuged for 30 min at 768 G. Lettuce extracts were decanted and 
all liquid removed with nitrogen using a Labconco (Kansas City, 
MO) RapidVap evaporator at 60% speed, 45 °C, for 40 min. After 
evaporation, 100 mL of deionized water was added, the residue 
was dissolved, and the solution spiked with 100 ng of internal 
standards (doxycycline, roxithromycin, 13C6-sulfamethazine). A 
200 mg Oasis HLB™ solid phase extraction (SPE) cartridge (Wa-
ters Corporation, Milford, MA) was conditioned by rinsing with 
5 mL of methanol followed by 5 mL of a reagent water rinse, 
and a pre-combusted 1 μm glass fiber filter was placed in a PFA 
inline filter holder. Solid phase extraction of the aqueous tissue 
extract was performed at a rate of approximately 3–5 mL/min 
(drop-wise flow). The extraction cartridge was rinsed with 5 mL 
reagent water upon completion of extraction. Elution by grav-
ity was performed using 3 mL 0.133 mM ammonium citrate in 
methanol. The methanol was removed by evaporation with a 
stream of nitrogen gas until dryness. Dry samples were recon-
stituted with 400 μL of 25:75 methanol-reagent water solutions. 
The samples were mixed with a vortex mixer and transferred 
to silanized glass inserts placed inside autosampler vials using 
a disposable glass pipette. The vials were capped and stored at 
4 °C until analysis.
2.5. Soil extraction for antimicrobials
Five replicates of a 5 g representative soil sample from each 
harvest were placed in a 50 mL polypropylene centrifuge tube 
for extraction by freeze–thaw equilibration. Ten mL of 80% iso-
propyl alcohol and 20% 0.04 M citric acid was added for organic 
solvent extraction as well as bacteria deactivation. Each sample 
was spiked with 1000 ng of surrogate (demeclocycline) and im-
mediately stored in the freezer for a minimum of 24 h. Frozen 
samples were allowed to thaw for a minimum of 1 h and were 
shaken a wrist action shaker for 30 min. Samples were then cen-
trifuged for 10 min at 2500 rpm. An aqueous solvent extraction 
followed using 14 mL of 500 mM ammonium citrate (pH 6.0) and 
6 mL methanol. Samples were shaken on a wrist action shaker 
for another 30 min, followed by another 10 min centrifuge cycle. 
The combined eluant was blown to dryness with nitrogen using 
a Labconco RapidVap evaporator at 60% speed, 60 °C, and for 
40 min. The residue was redissolved in 100 mL of deionized wa-
ter and spiked with 100 ng of internal standards (doxycycline, 
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roxithromycin, 13C6-sulfamethazine) and extracted as described 
for plant extracts. 3 mL 0.5% formic acid in methanol was used 
to elute the cartridge, and was then evaporated under nitrogen 
gas to 100 μL and mixed with 300 μL of distilled deionized wa-
ter. Extracts were transferred to silanized glass inserts in autos-
ampler vials, capped and stored at 4 °C until analysis.
2.6. Liquid chromatography–tandem mass spectrometry 
(LC–MS/MS)
All extracts were analyzed on a Thermo LCQ Classic Ion Trap 
mass spectrometer (Thermoquest, San Jose, CA, USA) equipped 
with heated capillary using positive mode electrospray ionization 
interfaced with a Waters 2695 High Pressure Liquid Chromato-
graph (HPLC) and autosampler. Separation was accomplished 
using gradient elution on a Waters 2695 Separations Module 
(Waters Corporation, Milford, MA) with 5 × 5 × 250 mm HPLC 
column. Elution gradient with flow of 0.20 mL/min began with 
5:95 (CH3OH-1% formic acid:95% H2O-1% formic acid) held for 
3 min, increased to 20:80 ramping linearly to 95:5 over a period 
of 20 min where it was maintained for 8 min. Sample injection 
volume was 10 μL with column temperature set at 50 °C. Xcal-
ibur v1.3 software was employed to control mass spectromet-
ric conditions. Source conditions were optimized to achieve 
the most stable and intense product ions. The flow-rate was set 
to 75 L/min while auxiliary gas flow-rate was set to 15 L/min. 
Spray voltage was set at 4.5 KV with the capillary temperature 
and voltage set to 200 °C and 14 V. Ionization properties for an-
alytes, internal standards, and surrogate are detailed in Table 2. 
Validation of the method included determination of the Instru-
ment Detection Limit (IDL) and Method Detection Limit (MDL) 
for each analyte. IDLs, measured from repeated injections of the 
lowest calibration standard, ranged from 0.03 to 0.6 ng. MDLs 
determined from replicate analyses of a fortified matrix, ranged 
from 37 to 49 ng/g for lettuce and 12–21 ng/g for soil. MDLs 
determined from replicate analyses of a fortified matrix ranged 
from 37 to 49 ng/g for lettuce and 12–21 ng/g for soil. Average 
recoveries in the lettuce matrix were determined for each com-
pound. Recovery in lettuce was 116% for lincomycin, 98% for 
oxytetracycline and 62% for sulfamethoxazole. Average recov-
ery in soil was 115% for lincomycin, 97% for oxytetracycline, and 
79% for sulfamethoxazole. Matrix effects, specifically the coelu-
tion of matrix compounds with the analyte may cause signal en-
hancement resulting in the greater than 100% recovery observed 
for some compounds (Oldekop et al., 2014).
Analyte recovery was monitored in sample extracts using 
demeclocycline as the surrogate with average recovery of 109%. A 
five-point linear calibration curve was used with a concentration 
range of 100–5000 ng/L and 13C6 – sulfamethazine, roxythromy-















lincomycin and oxytetracycline, respectively. Coefficient of cor-
relation for the calibration was greater than 0.99, and a minimum 
of four out of five points in the curve was required for the ac-
ceptance of data. Additional quality controls processed and an-
alyzed included laboratory method blanks and fortified blanks.
2.7. Enumeration of S. Infantis in soil and in lettuce
Lettuce plants were processed for microbial analysis imme-
diately following harvest. To enumerate internalized S. Infan-
tis, leaves from a lettuce plant were surface sterilized by im-
mersion in 200 ppm NaClO solution for 1 min (FDA, 1998) and 
rinsed twice using purified water. Water on washed lettuce was 
removed using a salad spinner. Each lettuce plant (0.7–31.8 g 
fresh weight) was placed in a blender jar containing 100 mL of 
PBS. Plant tissues were homogenized using a blender for 30 s. 
Blender jars were disinfected between samples with 200 ppm 
NaClO solution for 1 min and rinsed twice using purified water. 
The effectiveness of the surface disinfection method adopted in 
this work was tested using lettuce leaves surface-contaminated 
with Salmonella at the level of 6.3 log CFU/g fresh weight of let-
tuce. A disinfection efficiency of 99.9996% was achieved. We ac-
knowledge that some bacteria on the leaf surface may remain 
after disinfection and therefore, there is a small possibility that 
some Salmonella cells we collected after disinfection may orig-
inate from the surface. An aliquot of 0.1 mL homogenate was 
spread on xylose lysine desoxycholate (XLD) agar plate in du-
plicates, and incubated at 37 °C overnight (Mahmoud and Lin-
ton, 2008). The detection limit of Salmonella in leaves ranged from 
1.2 to 2.8 CFU/g lettuce fresh weight (fw). For soil, 50 mL PBS 
was added to a 5-g soil sample and vortexed for 30 s to disperse 
bacteria (Furlong et al., 2002). The soil suspension was then se-
rial-diluted. S. Infantis in soil was enumerated the same way as 
for lettuce samples. S. Infantis forms unique black colonies on 
XLD, distinguishing them from colonies formed by other bac-
teria in soil or lettuce samples. The detection limit of Salmonella 
in soil was 2.0 log CFU/g soil wet weight (ww).
2.8. Statistical analysis
Analyses of variance (ANOVA) were conducted to deter-
mine the significance of lettuce cultivar (cv. Salad Bowl and cv. 
Greenstar) and harvest time (24, 35, and 46 days) on the S. In-
fantis levels in soil. Specific comparisons between any pair of 
treatment means were accomplished with the Tukey’s Hon-
estly Significant Difference (HSD) test. For internalization fre-
quency of S. Infantis in lettuce, a logistic regression model with 
categorical factors was used to test for the significance of lettuce 
cultivar, harvest time, and S. Infantis levels in irrigation water 
(0, 5, and 7 log CFU per mL). All calculations were performed 
using R3.0.1 (R Foundation for Statistical Computing, Vienna, 
Austria). Antimicrobial concentrations in soil and lettuce were 
normally distributed and were compared using Holm-Sidak’s 
multiple comparison tests. Calculations were performed using 
GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA).
3. Results
3.1. Uptake of antimicrobials in lettuce
Concentrations of antimicrobials in lettuce are reported in 
fresh weight basis, the moisture content of plant material was 
measured but did not change appreciably throughout the ex-
periment (data not shown). Lincomycin was detected in lettuce 
leaf samples at all harvest dates for both cultivars (Figure 1). 
Although sulfamethoxazole was detected in all samples, it was 
Table 2. Nominal molecular mass, reaction ion, relative collision energy, 
and product ion for antimicrobial compounds.
 Nominal   Relative  
molecular  Reactant  collision Product 
Analytes mass ion energy ion
 (Da) (m/z) % (m/z)
Lincomycin 406 407 35 359
Oxytetracycline 460 461 25 443
Sulfamethoxazole 255 254 33 188
Doxycycline 444 445 25 428
Roxithromycin 836 837 25 679
13C3-Sulfamethazine 284 285 27 285
Demeclocycline 464 465 30 448


























only detected above the detection limit (i.e., 37 ng/g lettuce fw) 
in the first two harvest dates (24 and 35 days) for cv. Greenstar, 
and at the first harvest in cv. Salad Bowl. Oxytetracycline was 
not detected in any lettuce leaf samples. Observed concentra-
tions of lincomycin and sulfamethoxazole ranged from 84 to 
822 ng/g and 22 to 125 ng/g respectively. Significantly higher 
concentrations of lincomycin were detected compared to sulfa-
methoxazole at each harvest date in cv. Greenstar (p ≤ 0.0003). 
Additionally, for both antimicrobials detected, observed uptake 
was significantly influenced by cultivar (p = 0.0079 sulfamethox-
azole and p = 0.0002 for lincomycin).
Harvest date was only found be significant for sulfamethoxa-
zole (p = 0.0063). However, as seen in Figure 1, the highest concen-
tration of internalized antimicrobials occurred at the first harvest 
(24 days) for all antimicrobials and cultivars, with the exception of 
lincomycin in cv. Greenstar. Additionally, lettuce concentrations 
for all compounds and cultivars were lower in the final (46 day) 
harvest when compared with concentrations from the first har-
vest. No antimicrobials were detected in control lettuce.
A mass balance was performed for lincomycin and sulfa-
methoxazole in the soil-plant system (Table 3). Although the an-
timicrobial concentrations in the lettuce decreased as the plant 
matured, Table 3 shows that the total mass of antimicrobial accu-
mulated in the lettuce increased as a result of increased plant mass.
3.2. Accumulation of antimicrobials in soil
All three antimicrobials were detected in the soil at all sam-
pling times with lincomycin concentrations ranging from 3645 
to 18,910 ng/g, sulfamethoxazole concentrations ranging from 
99 to 760 ng/g and oxytetracycline concentrations ranging from 
167 to 753 ng/g (Figure 2). Lincomycin concentrations in were 
significantly influenced by the lettuce cultivar (p = 0.0122), the 
harvest date (p = 0.0005) and the interaction between cultivar 
and harvest date (p = 0.0033). Neither cultivar nor harvest date 
significantly influenced the concentrations of oxytetracycline 
or sulfamethoxazole in soil. However, increased concentrations 
were observed for all three compounds at the final harvest com-
pared to the first harvest. No antimicrobials were detected in 
control soil samples.
The mass balance (Table 3) was most strongly influenced by 
soil, as soil concentrations and soil mass were greater than let-
tuce concentrations and lettuce mass. The mass balance of an-
timicrobials was determined by comparing the mass of antimi-
crobial in soil and in the plant with the total amount introduced 
to the system through irrigation. Estimated mass accumulated 
ranged from 40.9 to 167% for lincomycin and 1.4 to 6.7% for sul-
famethoxazole and reveals that lincomycin was conserved in the 
system over the 46 day experiment. Estimated accumulation of 
antimicrobials from cv. Salad Bowl was greater for both linco-
mycin and sulfamethoxazole than from cv. Greenstar with the 
exception of lincomycin from harvest 1 (24 day). There was no 
trend in accumulation based on harvest dates.
3.3. Accumulation of S. Infantis in soil and lettuce
Independent of lettuce cultivar (p = 0.1098), harvest time 
(p = 0.5785), and S. Infantis level (p = 0.0611) in irrigation wa-
ter, the S. Infantis concentration in the bottom soil layer was ap-
proximately 5 log CFU/g soil on a wet weight basis (Figure 3). 
The S. Infantis concentration in the top soil was approximately 
Figure 1. Antibiotic concentrations in lettuce at each harvest date. ND 
denotes detections below the method detection limit.
Table 3. Mass balance on antimicrobials in the soil-plant system.
 Lettuce Harvest Avg lettuce  Avg mass Total lettuce Avg soil Total soil Total antibiotics Exposure %  
 cultivar  concentration per plant Accumulationb Concentration Accumulationc per trayd amounte        Captured
   (Ng/g) g ng (Ng/g) ng mg mg 
Lincomycin Salad Bowl 24 Day 305 0.7 5124 3668 5,118,841 5.1 10.0 51.2%
 Lettuce 35 Day 84 8.9 17,942 5141 7,174,471 7.2 13.0 55.3%
  46 Day 89 31.8 67,818 18,910 26,389,661 26.5 16.0 165.4%
 Greenstar 24 Day 538 1.2 15,494 4598 6,416,693 6.4 10.0 64.3%
 Lettuce 35 Day 822 10.6 208,130 3645 5,086,743 5.3 13.0 40.7%
  46 Day 469 27.9 314,042 5766 8,046,684 8.4 16.0 52.3%
Sulfamethoxazole Salad Bowl 24 Day 125 0.7 2100 384 535,887 0.5 10.0 5.4%
 Lettuce 35 Day NDa 8.9  296 413,080 0.4 13.0 3.2%
  46 Day ND 31.8  760 1,060,610 1.1 16.0 6.6%
 Greenstar 24 Day 125 1.2 3600 205 286,086 0.3 10.0 2.9%
 Lettuce 35 Day 88 10.6 22,282 99 138,158 0.2 13.0 1.2%
  46 Day 22 27.9 14,731 370 516,350 0.5 16.0 3.3%
a. ND represents detections below the method detection limit (MDL).
b. Calculated by multiplying average lettuce concentration × the average mass per plant × 24 (number of lettuce plants per tray).
c. Calculated by multiplying average soil concentration × the mass of soil per tray.
d. Combination of total lettuce accumulation and total plant accumulation.
e. The amount of antibiotics introduced through the irrigation water (1 mg/L).
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3 log CFU/g soil in the first and second harvest, and was be-
low the detection limit at the third harvest. Similar to the bot-
tom soil, the S. Infantis concentration in the top soil showed no 
significant difference between cultivars (p = 0.2930) or between 
Salmonella treatment levels (p = 0.1330). However, a significant 
difference was observed among harvest times (p < 0.0001). The 
S. Infantis level in the top soil decreased during the three har-
vest times. The difference between the S. Infantis levels in top 
and bottom soil was also significant (p < 0.0001).
The frequency of S. Infantis internalization into lettuce was 
low in this study. Six out of 120 lettuce plants (5%) were pos-
itive for internalized S. Infantis. Among the 6 positive lettuce 
samples, five were from cv. Salad Bowl and one from cv. Green-
star. Four positive samples were from day 35 (second harvest), 
and two from the other two harvests (Table 4). The S. Infantis 
level in the irrigation water appeared to have no significant ef-
fect on the internalization frequency (Table 4). Harvest time 
(p = 0.2308), lettuce cultivar (p = 0.0663), or S. Infantis level in ir-
rigation water (p = 1.0000) had no significant effects on internal-
ization frequency. For lettuce internalized with S. Infantis, the 
internalization concentration ranged from 2.2 to 3.6 CFU/g fw. 
No Salmonella was detected in the soil or lettuce from the con-
trol pots, which were irrigated with water containing no anti-
microbials or Salmonella (Table 4).
4. Discussion
4.1. Antimicrobials in lettuce and soil
Antimicrobial concentrations in the lettuce were found at a 
level of 125 ng/g for sulfamethoxazole and as high as 822 ng/g 
for lincomycin. These concentrations are consistent with those 
reported previously in the literature, and also follow the chem-
ical solubility of the compounds with the most soluble com-
pounds, lincomycin, having the highest degree of uptake. Sul-
famethoxazole concentrations up to 138 ng/g were reported in 
cabbage grown hydroponically in solution spiked at 232.5 μg/L 
Figure 2. Antibiotics concentrations in soil at each harvest from cv. Salad 
Bowl (A) and cv. Greenstar (B) samples.
Figure 3. S. Infantis in soil where lettuce cv. Greenstar was planted (A and B, 5 and 7 CFU/mL inoculation level, respectively) and 
lettuce cv. Salad Bowl was planted (C and D, 5 and 7 CFU/mL inoculation level, respectively). T = top soil; B = bottom soil. Error 
bars represent standard deviation (n = 5). S. Infantis in top soil was below detection limit for both cultivars at both inoculation levels.



















(Herklotz et al., 2010). Sulfamethoxazole has also been found at 
concentrations of 19.7 ng/g in hydroponically produced spinach 
with an irrigation solution spiked at 500 ng/g (Wu et al., 2012). 
In both cases, the aqueous antimicrobial concentration in the hy-
droponic system was lower than the antimicrobial concentration 
in the irrigation wastewater used in this study (1 mg/L), how-
ever, similar vegetable concentrations were observed. Oxytet-
racycline was not detected in lettuce. The same inefficient up-
take of oxytetracycline in grass and watercress was reported by 
Chitescu et al. (2013) in an uptake study conducted with antibi-
otic-amended soil. This provides further evidence that soil will 
retain highly sorptive antimicrobials, such as oxytetracycline, 
making them unavailable for plant uptake (Rabolle and Spliid, 
2000). Depending on their chemical characteristics, antimicrobial 
uptake experiments in hydroponic systems may not adequately 
replicate behavior in soil systems. This is especially true for soils 
containing high levels of organic matter, which which will en-
hance soil sorption (Li et al., 2010; Maszkowska et al., 2013).
We observed decreasing antimicrobial concentrations in let-
tuce over time in spite of continuous exposure to a consistent con-
centration in irrigation water. This reveals interesting dynamics 
between antimicrobial uptake and plant growth rates. The mass 
balance shows that although the antimicrobial concentrations in 
lettuce on a fresh weight basis decreased in later harvests, the to-
tal amount of antimicrobials accumulated by the plant increased. 
One explanation may be that the plant growth rate exceeded the 
antimicrobial uptake rate diluting the antimicrobial concentration 
over time. Alternatively, it has been shown that other internal-
ized contaminants may be preferentially distributed to the active 
growth areas of the plant (Henner et al., 2013). If antimicrobials be-
have in a similar manner, the compounds would have been con-
centrated in new growth. In this experiment, a 2 g representative 
sample of the new and old growth was collected. Sampling spe-
cific tissues, i.e., younger tissues with active meristematic activity, 
would identify areas of antimicrobial internalization.
Specific lettuce cultivars were found to affect antimicrobial up-
take with higher internalized concentrations observed in cv. Green 
Star compared to cv. Salad Bowl for lincomycin. The highest con-
centration of sulfamethoxazole was detected at the first harvest, 
with an internalized concentration of 125 ng/g in both cultivars. 
Similar to lincomycin, higher uptake of sulfamethoxazole was de-
tected in cv. Greenstar compared to cv. Salad Bowl. This may be 
due to physiological differences related to the slightly later esti-
mated maturity of cv. Green Star than cv. Green Salad Bowl (52 vs 
45 days), anatomical differences in the leaves, or possibly the ge-
netics of greater heat tolerance found in cv. Green Star. Although 
the leaves of cv. Green Star are thicker and darker in color than 
those of cv. Salad Bowl, we found no significant difference in 
percent moisture content or dry weight between the two culti-
vars (data not shown). Several potential mechanisms described 
for sub-species variation in uptake of other organic contaminants 
include the quantity and quality of root exudates, plant compo-
sition, root structure, biomass, endophytes, and multi-species in-
teraction (Eggen et al., 2013). Average plant biomass does not ex-
plain the differences observed in our study as the cultivar with 
greater average plant mass changed between harvests, but the 
higher uptake by cv. Greenstar remained consistent across all har-
vests. Additionally, analysis of root mass between the two culti-
vars revealed that cv. Salad Bowl had higher average root mass 
compared to cv. Greenstar (data not shown). Larger root mass 
would suggest greater opportunity for passive root uptake of 
antimicrobials in cv. Salad Bowl, but the opposite was observed. 
This suggests that root exudates and endophyte population may 
be the dominant mechanisms affecting the variation in uptake be-
tween the two cultivars of lettuce. Organic acid exudates has been 
shown to play a key role in persistent organic contaminant up-
take in 21 cultivars of squash from soil (White et al., 2003b) and 
differences in exudates between cultivars has also been demon-
strated in rice (Aulakh et al., 2001). The mechanisms responsible 
for cultivar-specific differences in antimicrobial uptake in lettuce 
merits additional research.
Lincomycin concentrations observed in soil were significantly 
influenced by the lettuce cultivar and the harvest date. Soil con-
centration of sulfamethoxazole and oxytetracycline were not sig-
nificantly affected by cultivar or harvest date (p > 0.05). This result 
may further support the idea that root exudates play an impor-
tant role in the behavior of antimicrobials in the soil environment. 
Release of organic acids by the roots may not affect highly sorp-
tive compounds like oxytetracycline, but may influence the bio-
availability of less sorptive compounds like lincomycin through 
chelation of inorganic ions in the soil (White et al., 2003a). Addi-
tionally, the time between the final irrigation before each harvest 
and sample collection may have impacted observed concentra-
tions. The maximum concentration of antimicrobials in soil in this 
study (0.75–0.76 mg/kg) were higher than those found in studies 
where contaminated manure was incorporated into soil (Grote 
et al., 2007) were maximum detected soil concentrations of sul-
fonamides (sulfadiazine) and tetracyclines (chlortetracycline) at 
plant harvest were 0.090 mg/kg and 0.120 mg/kg, respectively. 
Other studies investigated uptake from soil spiked with antimi-
crobials and soil concentrations of 0.12–0.34 mg/kg were reported 
for a sulfonamide (sulfadiazine) with similar total antimicrobial 
exposure (Michelini et al., 2012). In Michelini et al. (2012), soil was 
amended with 0, 10, and 200 mg/kg of antimicrobials, simulating 
loading typical of manure application. The difference in antimi-
crobial accumulation in soils between this study and the present 
study may result from the high percentage of organic material in 
the soil mix used in our experiment.
Antimicrobial mass balance (Table 3) revealed differences 
between persistence of sulfamethoxazole and lincomycin as 
average accumulation for lincomycin was >40% while average 
accumulation of sulfamethoxazole was <7%. Non-extractable 
residues, specifically for sulfamethoxazole, which had an av-
erage soil recovery of 79%, may account for some of the loss of 
analyte revealed by the mass balance. It is likely that antimicro-
bials were subject to transformation by a number of chemical 
and biological processes. Abiotic degradation of the analytes is 
likely negligible for lincomycin and sulfamethoxazole as linco-
simides and sulfonamides have been shown to be stable at pH 
levels similar to that of the soil used in this study, and a half-life 
Table 4. S. Infantis Infantis in lettuce after repeated irrigation with con-
taminated water.
Harvest   S. Infantis in irrigation    Lettuce fresh weight
a (g)        Internalizationb
time           water (CFU/mL)           Green   Green salad  Green  Salad  
  Star bowl Star  Bowl
24-day 5 log 1.2 ± 0.5 0.9 ± 0.3 0/10 1/10  
     (3.0)
 7 log 1.2 ± 0.5 0.5 ± 0.2 0/10 0/10
35-day 5 log 10.1 ± 3.0 10.9 ± 2.9 1/10 1/10  
    (2.2) (3.0)
 7 log 11.0 ± 1.9 6.9 ± 3.1 0/10 2/10  
     (3.6)
46-day 5 log 27.3 ± 5.8 29.9 ± 11.3 0/10 0/10
 7 log 28.5 ± 10.8 33.6 ± 13.9 0/10 1/10  
    (2.4)
a. Values represent the mean and standard deviation from 10 replicate lettuce plants.
b. x/10 denotes the number of lettuce plants positive for Salmonella, out of 10 rep-
licates, and the numbers in parenthesis are internalization concentrations of S. 
Infantis in positive lettuce plants (log CFU/g fresh weight).
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of 171 days was measured for oxytetracycline at similar temper-
ature and pH (Loftin et al., 2008). It is possible that transforma-
tion products may still retain antimicrobial activity and could 
be accumulated in plants. Confirming the occurrence and con-
centration of antimicrobial degradation products within plants 
is important to determining potential risk.
4.2. S. Infantis in soil and lettuce
S. Infantis introduced via subirrigation were mostly detained 
in bottom soil, likely due to filtration, which is a common mech-
anism that limits bacteria mobility in soil (Jamieson et al., 2002). 
In addition, low levels of S. Infantis in top soil could also be a 
result of the unfavorable conditions created from sunlight and 
periodic dryness between irrigation events (Santamaria and 
Toranzos, 2003). The microbial community composition in soil 
was not monitored in this study. It is possible that the S. Infan-
tis was outcompeted by the indigenous soil microbial commu-
nity that may have developed in the pots. Despite repeated irri-
gation with contaminated water, S. Infantis levels in bottom soil 
did not increase over time (Figure 3). This was likely because 
the number of S. Infantis introduced via irrigation water was 
close to the number of S. Infantis dying between harvests. Stud-
ies show that after a one-time inoculation, the Salmonella level 
in soil could drop 1 order of magnitude in 3–30 days, depending 
on soil moisture, soil type, soil temperature and other environ-
mental factors (Chandler and Craven, 1980, Côté and Quessy, 
2005 and Natvig et al., 2003). Finally, irrespective of S. Infantis 
levels in irrigation water, the S. Infantis levels in soil were simi-
lar, suggesting the soil could only sustain the Salmonella popula-
tion at a certain level. This suggests that under repeated waste-
water irrigation, the capacity of soil to sustain pathogen survival 
might be more important than the pathogen level of wastewa-
ter in determining the pathogen level in soil.
The root uptake of Salmonella in lettuce grown in soil occurs 
less frequency than those grown in hydroponic systems. When 
lettuce was grown in soil contaminated by 7 log CFU Salmonella 
per g soil, the internalization frequency of S. Dublin, S. Enteriti-
dis, and S. Typhimurium in lettuce was 10%, 0% and 0% (28 bio-
logical replicates), respectively (Klerks et al., 2007a). In another 
study by Klerks et al. (2007b), the internalization frequency was 
5% (3 out of 56) in the S. Dublin-lettuce system. Similarly, very 
low internalization frequency (<0.3%) of S. Enteritidis or Esche-
richia coli O157: H7 into lettuce was reported for soil concentra-
tions between 3 and 6 log CFU/g soil (Erickson et al., 2013; Zhang 
et al., 2009a, 2009b). In previous studies, human pathogens were 
introduced, through water irrigation or manure amendment, to 
the plant system only once. In practice, human pathogens are 
often constantly introduced to soil through repeated wastewa-
ter irrigation, which was simulated in this study. However, the 
internalization frequency in this study (5%) was comparable to 
that observed following a one-time exposure.
5. Conclusions
Antimicrobial uptake between the two cultivars, Greenstar 
and Salad Bowl, was found to be significantly different for the 
antimicrobials evaluated. Additionally, internalized concentra-
tions of antimicrobials within lettuce leaves generally decreased 
as plants matured. While concentration decreased, mass bal-
ance of total antimicrobial accumulation in each lettuce plant 
showed that total uptake of antimicrobials increased with in-
creasing exposure time. Soil concentrations of lincomycin were 
significantly influenced by the cultivar of lettuce grown in the 
soil and the harvest time. Internalization of human pathogens in 
lettuce was limited, suggesting limited risk of pathogen internal-
ization via the root system following irrigation with wastewater. 
Accumulation of pathogens in soil shows accumulation depen-
dent on soil depth. A better understanding of the effect of culti-
vars on antimicrobials and human pathogen uptake could lead 
to recommendations for lettuce cultivars that are more resistant 
to antimicrobial or human pathogen uptake and therefore bet-
ter suited to irrigation using recycled agricultural wastewater. 
Understanding the influence of plant maturity on antimicrobial 
and pathogen uptake may also help determine best management 
practices for the use of recycled agricultural wastewater at spe-
cific periods in the growing season.
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